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PlantsSimilar to the majority of the microRNAs, mature miR166s are derived frommultiple members ofMIR166 genes
(precursors) and regulate various aspects of plant development by negatively regulating their target genes (Class
III HD-ZIP). The evolutionary conservation or functional diversiﬁcation of miRNA166 family members remains
elusive. Here, we show the phylogenetic relationships among MIR166 precursor and mature sequences from
three diverse model plant species. Despite strong conservation, some mature miR166 sequences, such as ppt-
miR166m, have undergone sequence variation. Critical sequence variation in ppt-miR166m has led to functional
diversiﬁcation, as it targets non-HD-ZIPIII gene transcript (s).MIR166 precursor sequences have diverged in a lin-
eage speciﬁcmanner, and both precursors andmature osa-miR166i/j are highly conserved. Interestingly, polycis-
tronic MIR166s were present in Physcomitrella and Oryza but not in Arabidopsis. The nature of cis-regulatory
motifs on the upstream promoter sequences ofMIR166 genes indicates their possible contribution to the func-
tional variation observed among miR166 species.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Small regulatory RNAs of 21–24 nucleotides (nt) length have been
shown to play important roles in plant growth and development [1].
In plant two major classes of small regulatory RNAs, microRNA
(miRNA) and trans-acting small interfering (ta-siRNAs) have been
implicated in different aspects of plant development [2]. Some of
the small RNAs are also regulated by plant hormones, nutrient avail-
ability and environmental stresses, which in turn affect developmen-
tal processes [3]. miRNAs, derived from a segment of the genome
that is distinct from predicted protein coding regions, function as
negative regulators of gene expression [1,4]. The primary transcripts
of MIR genes (pri-miRNAs) derived from this duplication form stem-
loop RNA hairpin structures (pre-miRNA), which are processed to ﬁ-
nally produce speciﬁc ~21 ntmature miRNAs by the activity of DICER
LIKE1(DCL1), besides other proteins [1,5]. ThesemiRNAs are then load-
ed into the RNA induced silencing complex (RISC) protein followed by
pairing with target mRNAs [6] to direct posttranscriptional gene silenc-
ing (PTGS) or to inhibit translation from mRNAs [7].PTGS, post transcriptional gene
ipper; PHB, PHABULOSA; PHV,
a HOMEOBOX8/15; MSA,multi-
aximum parsimony; ML, max-
ghts reserved.Many of themiRNAs identiﬁed so far in plants are predicted to target
transcription factors that are involved in developmental processes
[5,8,9]. PlantmiRNAsmostly regulate gene expression by binding to tar-
getmRNAs in a perfect or near-perfect complementary site. Earlier stud-
ies based on experimental and computational analysis from Arabidopsis
have indicated that many plant miRNA and their targets are conserved
between monocot and dicot plant groups [10–13]. Conserved miRNAs
play an important role in conserved gene regulation such as regulation
of leaf pattering, ﬂower morphology, root nodulation, and signal trans-
duction [14,15]. Thismultiplicity of themiRNA genes underlies the com-
plexity of physiological functions and developmental patterning.
MiR166/165 is an example of well-studied plant miRNA implicated
in various aspects of plant development. ThemiRNA166/165 negatively
regulates its target Class III Homeodomain Leucine-Zipper (HD-ZIPIII)
transcription factors that in turn regulate the polarity establishment in
leaves and vasculature and radial patterning of root [16]. The majority
of HD-ZIPIII gene family members consisting of PHABULOSA (PHB),
PHAVOLUTA (PHV), REVOLUTA (REV), ATHB8, and ATHB15, are conserved
in many of the diverse land plants, including bryophytes, lycopods and
seed plants [5,8,17–21]. This indicates the conservation of miR166/165
targeting HD-ZIPIII among diverse plant groups. Among seven MIR166
genes and two MIR165genes in the Arabidopsis genome, the mature
miR166 sequences are same but they differ frommiR165 by a single nu-
cleotide [22]. However, primary transcripts ofMIR166 genes differ in se-
quenceswithin a single species aswell as among different plant species.
To get more insight into the of MIR166 gene familymembers within
and among species, we performed detailed bioinformatic analysis of
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cies. We have established the evolutionary relationship among ma-
ture and precursor sequences of MIR166 genes from three diverse
groups of plant species - Physcomitrella patens (bryophyte), Oryza
sativa (monocot) and Arabidopsis thaliana (dicot). The evolutionary
relationships among different members were established by
reconstructing the phylogenetic tree based on nucleotide sequence
similarities.
2. Materials and methods
2.1. Sequence Identiﬁcation of miR166 genes and precursors
The mature and the precursor sequences of miRNA166 from
Arabidopsis thaliana (ath), Physcomitrella patens (ppt), and Oryza
sativa (osa) were obtained from miRBase Registry Database (http://
microrna.sanger.ac.uk/cgi-bin/sequences/, Release 18: November
2011). The name of miRNA166 was queried against miRBase for the
identiﬁcation of number of mature and precursor sequence of each
plant species. The upstream intergenic sequence were carefully
identiﬁed after BLAST search of MIR166 precursor sequences against
different databases like TAIR (http://www.arabidopsis.org), Phytozome
v8.0 (http://www.phytozome.net/), TIGR (http://rice.plantbiology.msu.
edu/data_download.shtml) genome browser and NCBI (http://www.
ncbi.nlm.nih.gov).
2.2. Nomenclature of mature, precursor and promoter miRNA166 species
The nomenclature of the miRNA used in this study was as per the
miRBase Registry database. For simple understanding, the nomencla-
ture of mature, precursor (/“gene”) and promoter are speciﬁed here.
In Arabidopsis thaliana, ath-miR166, ath-MIR166 and p-ath-MIR166
were used to indicate mature, precursor (/gene) and upstream promot-
er sequences respectively. InOryza sativa, osa-miR166, osa-MIR166 and
p-osa-MIR166were used to indicatemature, precursor (/gene) and up-
stream promoter sequences respectively. Likewise, in Physcomitrella
patens, ppt-miR166, ppt-MIR166 and p-ppt-MIR166 were used to indi-
cate mature, precursor (/gene) and upstream promoter sequences re-
spectively throughout the text. The sequence was checked for the
presence of core promoter elements like TATA and CAAT box using
PlantCARE database [23].
2.3. Alignment of sequences
Sequence alignment ofmature and precursormiRNA166 of P. patens,
O. sativa and A. thaliana were performed using “MUSCLE” multiple se-
quence alignment (MSA) application tool (version 3.8.31, operated on
Linux operating system) [24] with default parameter settings, followed
by modiﬁcation using GeneDoc MSA editor (version 2.7.000). As
MUSCLE, which was assessed by BAliBase benchmark [25], achieved
the highest reproducibility among all MSA tools, we used MUSCLE
aligned sequences for reconstructing the phylogenetic tree. We used
the Gblock function for the reﬁnement of alignment. The maximum
likelihood (ML) phylogenetic analysis was performedwith PHYML soft-
ware tool [26] usingweb version software package of Phylogeny.fr [27].
For themaximum likelihood analysis, we used GTR [28] nucleotide sub-
stitution model with default set of gamma distribution among-site rate
variation. The non-parametric approximate Likelihood-Ratio Test
(aLRT) was used for branch support value (BSV) in an alternative to
bootstrapping [29]. The phylogenetic trees were viewed using TreeDyn
(198.3 doc) tree viewer software package [30]. In order to compare the
similarity and differences of PHYML tree,we also reconstructed the phy-
logenetic tree using Maximum Parsimony (MP) method using Phylip
package (version 3.67) (http://mobyle.pasteur.fr/cgi-bin/potral.py).
The whole part of the alignment was used for reconstructing the phylo-
genetic tree in case of both mature and precursor sequences.2.4. DNA and RNA isolation, and RT-PCR analysis
Total RNA was isolated from shoot and leaves of 14 days old rice
seedlings (IR64 cultivar) as described earlier [31]. Genomic DNA was
isolated from the leaf of rice plants as described earlier [31,32]. First
strand cDNA synthesis (reverse transcription) was done using Verso
cDNA synthesis kit (Fischer Scientiﬁc) as described in the
manufacturer's manual. DNaseI treatment of RNA step is integrated in
the protocol of this kit. PCR ampliﬁcation of osa-MIR166h/k and
OsACT1 (Oryza sativa ACTIN1) was done with 3B DNA polymerase (3B
Black Biotech India). Primers used for amplifying two precursors and in-
ternal sequence of osa-MIR166h/k are osa-miR166kh-F (CGAGGTATCC
ACATCTTAATTCC) and osa-miR166kh-R (ATGGTTAAAGGGATTGAAGC
C). Forward Os-Actin1-F (CCTCATGAAGATCCTGACGG) and reverse Os-
Actin1-R (GAAGCATTTCCTGTGGACG) primers, which bind on two
exons ﬂanking an intron sequence, were used for amplifying control
OsACT1. This PCR produces amplicon of larger size when use genomic
DNAas template, than cDNA template. The PCRprograms for amplifying
osa-MIR166h/k were as follows: 94 °C–5′(×1); 94 °C–30″, 58 °C–40″
and 72 °C–50″ (×35 for genomic DNA, and ×40 for cDNA as template);
72 °C–10′(×1); and hold at 4 °C.
3. Results
To understand how a speciﬁc class of miRNA derived from multiple
genes plays diverse developmental roles in plants, it is necessary to
dissect out the commonalities/divergence among different miRNAs
and their genes. For this purpose, we usedMIR166, an important reg-
ulator of multiple developmental processes [1,16], as an example in
our study. The availability of well annotated complete genome se-
quences of P. patens, O. sativa, and A. thaliana (as described in thema-
terials and methods) have enabled the comparative genomics to
explore the evolutionary relationship of the MIR166 gene family
among these diverse species. Both the miRNA166 and their target
genes are found to be conserved among these three plant species
[33,34]. However, because of the gene duplication, numbers of
MIR166 genes as well as orthologous target genes varies among
these species [35]. There are seven MIR166 genes (MIR166a–g) in
A. thaliana, fourteen MIR166 genes (MIR166a–n) in O. sativa and
thirteen MIR166 genes (MIR166a–m) in P. patens (as per miRBase).
We compared the paralogous as well as orthologous sequences of
gene structures of MIR166 family members from these plant species.
We analyzed total thirty four numbers of mature miR166 sequences
of ~21 bases length, precursorMIR166 sequences and their upstream
regulatory sequences to understand their evolutionary relationship.
3.1. Phylogenetic analysis of mature miR166 from three species
We observed that all the seven mature miRNA166 sequences are
identical in A. thaliana whereas, changes in 1–3 bases were found in
some of the mature miR166 sequences in both O. sativa and P. patens
(Fig. 1A). Sequence comparison using MUSCLE MSA tool among thir-
ty four mature miR166s of three land plant species revealed fourteen
identical conserved nucleotide positions in ﬁve blocks of conserved
regions (Fig. 1A). The topology of both the maximum likelihood
(ML) and the maximum parsimony (MP) tree of mature miR166
were found to be quite similar except the shufﬂing of miR166 species
within a clade (Fig. S1).
The ML phylogenetic tree showed two clades with branch support
value (BSV) of 0.91each (Fig. 1B). Five mature miR166s consisting
of osa-miR166i, osa-miR166j, osa-miR166g, osa-miR166h, and ppt-
miR166m were found to form clade-I, whereas remaining twenty
nine miR166s clustered in clade-II (Fig. 1B). In clade-I, osa-miR166i
and osa-miR166j are two paralogous miRNAs that have a common an-
cestor with osa-miR166g and osa-miR166h. The separation of ppt-
miR166m from other P. patens miR166s and its longest phylogenetic
AC
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Fig. 1. Alignment, phylogenetic tree and target homology of mature miR166s. (A) MUSCLE Alignment of the mature miR166 sequences. The black shaded blocks indicate the highly con-
served residues by the alignment in the three species. (B) An unrooted phylogenetic tree reconstructedwithmaturemiR166 species of A. thaliana (ath), O. sativa (osa) and P. patens (ppt).
Scale bar indicates substitution rate of nucleotides per site. The branch length is proportional to the nucleotide substitution per site. (C) Alignment of ppt-miR166a and ppt-miR166mwith
their corresponding genomic target sequences in P. patens. Arrows indicate sequence variation between these twomiR166s in the critical 12th position. The ‘Cv’ indicates targets that are
predicted to be cleaved by miRNA and ‘Tin’ indicates targets that are predicted to be translationally inhibited by miRNA.
116 S. Barik et al. / Genomics 103 (2014) 114–121branch suggests that it has undergone most sequence variation and ap-
peared recently among all mature miR166s in P. patens. In clade-II, ppt-
miR166j, ppt-miR166k, ppt-miR166l, and two miR166s from O. sativa
(osa-miR166k and osa-miR166l) formed two groups of paralogous se-
quences arising through duplication event. The phylogenetic tree sup-
ports the conserved nature of mature miR166 family members among
diverse plant species (Fig. 1B). The position of osa-miR166m and ppt-
miR166m in two different clades and the absence of ath-miR166m sug-
gest the accumulation of mutations and diversiﬁcation of the miR166
sequences in moss and monocot. Although mature miR166s showed
identical or minor variation in the nucleotide sequences within or
among species, they maintain their sequence complementarities
with the target class III HD-ZIP (HD-ZIPIII) transcripts (except ppt-
miR166m) and thus, unlikely to show functional variations (Fig. 1A
and C). Interestingly, the mature ppt-miR166m showed highest
(three nucleotides) variation, including a change in the critical
12th nucleotide position, indicating that ppt-miR166m either block
the translation of target HD-ZIPIII mRNA (instead of cleavage) ortarget different gene in P. patens (Fig. 1C). To verify this, we looked
for the targets of ppt-miR166m using “psRNATarget” [36] web tool
and found that its putative targets are Pp non-HD-ZIPIII transcripts
such as TC21828 (translational inhibition), FC366912 and TC13986
(cleavage), but notHD-ZIPIII (as in case of othermiR166s) (Fig. 1C). Tar-
get analysis of all other miR166s suggests that they target HD-ZIPIII
transcripts through cleavage in all three species (Table S2).
3.2. Phylogenetic analysis of precursor sequences of MIR166 from three
species
Mature miRNA sequences are derived from their respective precur-
sor sequences after processing. Mostly because of small size, sequences
of mature miRNA species of a family are very similar, however, their
precursors, which are several times longer, differ in sequences. Phyloge-
netic analysis of the precursor sequences helps to understand the evolu-
tionary relationship of individual MIRNA genes of a family. In our
analysis, MUSCLE alignment of MIR166 precursor sequences (or genes,
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quences in the stem region of the hairpin structures, fromwhich ma-
ture miRNA166s are produced (Fig. S2). We have observed varying
degree of sequence dissimilarities among thirty four MIR166 precur-
sor sequences dataset from three diverse plant species, mainly in the
sequences ﬂanking the region of mature miR166. The phylogenetic
tree revealed that out of the thirteen precursor sequences of ppt-
MIR166 family, ten formed a cluster (cluster II), which is sister to
osa-MIR166f and osa-MIR166n sub-clade with BSV 0.81 (Fig. 2).
However, MP showed that, osa-MIR166f, instead of making a sub-
clade with osa-MIR166n, has diverged from a branch point, which
further diverged to place osa-MIR166n and other eleven ppt-
MIR166 (Fig. S3). The ML tree showed that one precursor sequences
from P. patens namely ppt-MIR166m and three from O. sativa (osa-
MIR166b, osa-MIR166d and osa-MIR166h) made one cluster with
all ath-MIR166 precursors in subgroup I (Fig. 2). Rest of the osa-
MIR166 formed a separate sub-clade called subgroup II (Fig. 2). The
paralogous precursors of A. thaliana ath-MIR166c, ath-MIR166g and
ath-MIR166d genes made one cluster in subgroup I, indicating their
origin trough duplication event (Fig. 2). Interestingly, none of ath-
MIR166 was observed in clade-II, which consists of twelve ppt-
MIR166s. The same pattern was also found in MP tree, in which elev-
en of thirteen ppt-MIR166s made a separate clade that divergedFig. 2. An unrooted phylogenetic tree reconstructed with precursor MIR166 species of A. thalia
(PhyML)method were used for tree generation with Gblock used for alignment reﬁnement. Th
in clade-II. All ath-MIR166 precursors made clustering in subgroup I, within clade-I. The precur
gence in clade-I in a lineage speciﬁc manner. The value associated with branch (red) indicates t
tution rate of nucleotides per site. The branch length is proportional to the substitution per siteearlier than ath-MIR166. In comparison to mature miR166 tree,
none of the osa-MIR166 precursor sequences was placed in consis-
tent with A. thaliana or P. patens precursor sequence (Fig. 2).One ex-
ception is ppt-MIR166m, which was closely related to osa-MIR166h
both in terms of precursor (Fig. 2) and mature miRNA166s (Fig. 1)
in the phylogenetic trees. However, as per our observation, the recent
appearance of ppt-MIR166m, osa-MIR166i and osa-MIR166j was also
reﬂected in their respective maturemiRNA aswell (Figs. 1, 2). This sug-
gests that ppt-MIR166m, before reaching to its existing sequence now,
had gone through many evolutionary changes after it diverged from
osa-MIR166h.
Although precursor sequences of P. patens, such as pairs like ppt-
MIR166c/ppt-MIR166d and ppt-MIR166d/ppt-MIR166f are separated
by only 55 and 398 nt respectively and they belong to the same scaf-
fold_14 [37] (arguably scaffold_114), ppt-MIR166d and ppt-MIR166c
are closely related (Figs. 2, 3). However, ppt-MIR166f was phylogeneti-
cally closer to ppt-MIR166b and ppt-MIR166e. Although ppt-MIR166c/
d/f has presumably arrived through duplication events, ppt-MIR166f
has undergone further diversiﬁcation [38]. According to the ML phy-
logenetic tree, the ppt-MIR166b and ppt-MIR166e, as well as ppt-
MIR166a and ppt-MIR166g are very closely related, indicating their
origin through recent duplications without major changes in the se-
quences. Similar phenomenon was observed in case of ath-MIR166ana (ath), O. sativa (osa) and P. patens (ppt). MUSCLE alignment and Maximum likelihood
e tree shows the clustering of ppt-MIR166m from rest of ppt-MIR166 precursor sequences
sors of O. sativaMIR166 genes are present in both the clades but shows maximum diver-
he branch support (BSV) by aLRT statistical test in Phylogeny.fr. Scale bar indicates substi-
.
AB
C D
E
Fig. 3. Structures and evidence of the polycistronic MIR166s. (A) Genomic positions of ppt-MIR166c, ppt-MIR166d and ppt-MIR166f of the same scaffold comprising a polycistronic ppt-
MIR166. (B) ppt-MIR166m, ppt-MIR166h and ppt-MIR166k of the same scaffold comprising another polycistronic ppt-MIR166. (C) ppt-MIR166i and ppt-MIR166j of the same scaffold
comprising another polycistronic ppt-MIR166. (D) osa-MIR166k and osa-MIR166h of the same scaffold comprising a polycistronic osa-MIR166. Lines indicate genomic sequences,
empty blocks indicate position of miR166 gene/precursor, pointing ends of the empty blocks indicate 3′ends of the miR166 precursors, distances between empty blocks are shown
with nucleotide numbers. Scaffold number of each polycistronic miR166s are indicated at the bottom. Single sided arrows in (D) indicate the direction and approximate positions two
primers used for osa-MIR166h/k (see below). (E) PCR and RT-PCR analysis of osa-MIR166h/k. DNA ladder indicates size of 200 bp, 300 bp, 400 bp, 500 bp, and 600 bp (bottom to
top). From right side, ﬁrst two lanes show PCR products for OsACT1 (ACTIN1) using cDNA (550 bp, arrow) and genomic DNA (670 bp, arrow) as templates. The band size difference indi-
cates that there is no genomic DNA contamination in the cDNA. Second two lanes (right to the ladder) show the same size PCR product (260 bp, arrow) for polycistronic osa-MIR166h/k
using both genomic (MIR166hk-genomic) and cDNA (MIR166-cDNA) as templates. Two lanes left to the ladder are (−) RT control for osa-MIR166h/k and ACT1 showing no contaminating
band.
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estingly, osa-MIR166i and osa-MIR166j belong to same scaffold
where as other pairs do not (Fig. 2).
3.3. Identiﬁcation of polycistronic MIR166 genes
Polycistronic mRNAs are known to consist of multiple open reading
frames (ORFs) encoding for proteins or peptides with related functions.
We have identiﬁed some clustered polycistronic pri-miRNA166 located
in the same genomic scaffolds in P. patens and O. sativa genome (Fig. 3),
but not in A. thaliana. These polycistronic pri-MIR166s are having 2–3
precursor sequences separated by 44–398 nt sequences in between.
After careful scanning through the intergenic sequences between
MIR166 precursors, we have found no predicted transcriptional stop
signal in between, indicating that concerned pre-MIR166s precursors
are transcribed from a single polycistronic pri-MIR166 RNA, thereby
conﬁrming its polycistronic nature. It was found that the precursor
osa-MIR166h and osa-MIR166k are separated by 44 nt in O. sativa
(Fig. 3D) and no transcriptional stop signal in between, which suggests
the co-transcription of these precursor pre-MIR166s from a single
clustered polycistronic pri-MIR166. This result is consistent with
the previous observation [39]. Additionally, precursor osa-MIR166j
is 5nt shorter than the closely related osa-MIR166i and they arederived from overlapping genomic sequence of osa-MIR166 locus
(03: 25293034-25293178) in miRBase release 18. (Fig. 2). Thus, we
considered this locus as polycistronic. Similarly in P. patens, precursors
like ppt-MIR166i/j separated by 45 nt in the scaffold_127 (Fig. 3C),
ppp-MIR166m/h/k separated by 225 and 59 nt in the scaffold_02
(Fig. 3B), ppt-MIR166c/d/f separated by 55 and 398 nt in scaffold_14
[37] (arguably scaffold_114) respectively (Fig. 3A) are part of polycis-
tronic pri-ppt-MIR166 genes. Using PCR and RT-PCR analysis, we have
observed that osa-MIR166h and osa-MIR166k precursor speciﬁc primer
pair produced PCR products of same size (268 bp) both from genomic
and cDNA (Fig. 3E). The amplicon size included part of these two
MIR166 precursors and the putative intron between them, which was
further conﬁrmed through Sanger sequencing of PCR product (Supple-
mentary information S4). This suggests that osa-MIR166h/k is indeed
polycistronic. Length of the PCR products with rice OsACT1 (positive
control) speciﬁc primers, which were designed in two exons spanning
an intron, were different in case of genomic DNA and cDNA template
(Fig. 3E). This conﬁrms that there was no genomic DNA contamination
in the cDNA used. It is worth mentioning that we didn't observe any
polycistronic pri-MIR166 in A. thaliana. Interestingly, ath-MIR166c,
ath-MIR166g and ath-MIR166d belong to same scaffold [scaffold
05:2838635-2840734(+)] in the genome and make a cluster in the
phylogenetic tree (Fig. 2), however, they are not polycistronic.
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Besides variation in mature miRNA sequences, the architectural
variation in the promoters of aMIRNA gene family is likely to contrib-
ute to the variation in the spatiotemporal expression and thereby,
functional diversiﬁcation of that MIRNA genes within and among
species. Therefore, the key to the understanding of functional varia-
tions amongMIR166 family members lies in the presence and nature
of different cis-acting regulatory elements in the upstream promoter
sequences of MIR166 genes. To identify the cis-regulatory elements
present in the upstream regulatory region, we analyzed upstream
promoter sequences of MIR166s using “PlantCare database” [23]. In
case of all the polycistronic MIR166s, we have considered the 5′ up-
stream sequence of the corresponding polycistronic pri-MIR166
gene as the promoter for all pre-MIR166s. Our analysis of upstream
promoter sequences of allMIR166 genes showed that the average se-
quence identity was at least 15% (Fig. 4). Despite the less sequence
identity, we observed that cis-regulatory elements, such as element
of salt response (ARE motif, TC-rich motif), light response (G-Box,
I-Box, GAG-motifs) Gibberellin (GARE, P-Box), Methyl Jasmonate
(TGA CG, CGTCA) are commonly found in the upstream promoters
especially polycistronic MIR genes (Table S1). Although promoter
sequences undergoes more evolutionary changes, possibly due to
their length, similarity and variation in cis-elements might inﬂuence
the spatio-temporal expression of miR166s and contribute to func-
tional variations, if any.
4. Discussion
Most of the mature miR166s, similar to other mature miRNAs,
showed highest sequence identity as well as conservation (Fig. 1B)
in comparison to precursors. The phylogenetic tree for mature
miRNAs (Fig. 1B), infers that though miR166 family is conserved
among three plant species, some members of miR166s in P. patens
(m, j, k and l) and O. sativa (i, j, e, k and l) have emerged more recently
than others through more mutational events in the mature miR166 re-
gion of genes (Fig. 1B). The ppt-miR166m sequence has diverged most
to the level that it targets predicted non-HD-ZIPIII genes, indicating
functional diversiﬁcation (Fig. 1B, C; Table S2). However, all the other
miR166s, with sequence diversiﬁcation, are still able to target HD-ZIPIII
transcripts. Although rare, this result suggests the functional diversiﬁca-
tion of mature ppt-miR166 in P. patens. Therefore, mature miR166s,
with sequence diversiﬁcation (except ppt-miR166m), should be func-
tionally conserved until unless their spatiotemporal expression pattern
differs, due to changes in the upstream regulatory sequences.miR166 MIR166 p-MIR166
A. thaliana 100 47.5 13.16
O. sativa 95.38 40.07 18.46
P. patens 95.25 46.75 11.58
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Fig. 4. Average sequence identity among mature, precursor and promoter sequences. The
bar diagrams show the average percentage of identity in mature, precursor and promoter
sequences of miR166 among A. thaliana, O. sativa and P. patens plant species. The mature
miR166 sequence shows highest conservation whereas promoter sequences of MIR166
have lowest sequence identity and thereby lowest conservation within the individual
plant species.Our result indicates that all ath-MIR166 genes, along with ppt-
MIR166m, osa-MIR166h, osa-MIR166b and osa-miR166d have di-
verged from a common ancestor. The clustering of ppt-MIR166b
and ppt-MIR166e, as well as ppt-MIR166a and ppt-MIR166g, sug-
gests their origin through recent duplications withoutmajor changes
in the sequences. The separation of all ppt-MIR166 precursors, ex-
cept ppt-MIR166m, from all ath-MIR166s (Fig. 2) suggests that
both the precursor MIR166 sequences of A. thaliana and P. patens
have diverged in a lineage speciﬁc manner. However, both mature
ppt-miR166m and precursor ppt-MIR166m showed maximum di-
versiﬁcation due to many evolutionary changes in its nucleotide se-
quences (Fig. 2). From ML phylogenetic tree, it can be inferred that
all ppt-MIR166 precursors (genes), barring ppt-MIR166m, might
have appeared from the same chronological node and diverged
through duplication and expansion events (Fig. 2). It is evident that
ppt-MIR166s, in comparison to osa-MIR166s and ath-MIR166s,
have undergone more intensive diversiﬁcation through the multiple
duplication and expansion events, after they separated from an an-
cestor. It is plausible that osa-MIR166 and ath-MIR166 have diverged
from ppt-MIR166 through multiple independent duplication events
under different selective pressure (Fig. 2). Because of the evolution-
ary nature of origin of miRNA, polycistronic miRNAs (with conserved
regulatory sequences) are present in some species (e.g. O. sativa and
P. patens, as we report here). Absence of polycistronic pri-MIR166 in
A. thalianamight be due to less number of miRNA166 genes, less du-
plication events and more diversiﬁcation of the MIR166 sequences.
We found that except osa-MIR166i/j, all the precursors derived
from a polycistronic pri-MIR166 genes, have never been found to
be clustered together in the phylogenetic tree (Figs. 1 and 2). This
suggests that although each polycistronic gene (pri-MIR166) might
have originated by probable duplication of individual pre-MIR166
gene, they have diversiﬁed in course of evolution through extensive
changes in the sequence [40,41].
It appears that, despite some similarity, MIR166 precursors (Fig. 2)
show more diversiﬁcation than mature miR166 sequences (Fig. 1) in
the phylogenetic trees. Precursor osa-MIR166h clustered in clade-I
(Fig. 2) with ppt-MIR166m, osa-MIR166d/b and all ath-MIR166s,
while mature osa-miR166h clustered in clade-I (Fig. 1) with osa-
miR166g/i/j and ppt-miR166m but not with any of ath-miR166s. Ma-
ture osa-miR166b/d clustered in clade-I (Fig. 1) with other ppt-
miR166s and osa/ppt/ath-miR166s. Precursor osa-MIR166f/n clustered
in clade-I (Fig. 2) with most of the ppt-MIR166s but not with ath-
MIR166s, while mature osa-miR166f/n clustered in clade-II (Fig. 2)
with all the ath-miR166s, most of the ppt-miR166s, and osa-miR166s.
Precursor osa-MIR166i/j/g/a/e/l/k/m formed subgroup II under clade-I
(Fig. 2) indicating their common origin, while mature osa-miR166i/j/g
clustered in clade-I, and mature miR166a/l/k/m clustered in clade-II
(Fig. 1) with other miR166s. This topological variation between trees
is mainly due to huge difference in length of precursors and mature
miR166, sincematuremiRNAs are several times shorter. Since precursor
sequences are much larger (than matures) and represent most part of
the transcripts of MIR166 genes, the phylogenetic tree with precursors
(Fig. 2) is likely to reﬂect the true evolutionary history. However, similar
to a critical domain of a conserved protein family, sequence variation in
the region of small mature miR166s is ultimately responsible for func-
tional diversiﬁcation. Therefore, sequence comparison and tree with
mature miR166s is likely to reﬂect the functional similarity and diversi-
ﬁcation of miRNAs in correlation with precursors.
Analysis of sequence identity among matures, precursors and
promoters of MIR166s indicates that promoter sequences have un-
dergone most sequence diversiﬁcation within each species, followed
by precursors. Despite this sequence variation, some promoters
shared conserved cis-elements for hormonal, stress and other re-
sponse elements. Based on the previous studies [42], it can be as-
sumed that the upstream promoter region among MIR166 family
members shares cis-acting motif elements for abiotic stress and
120 S. Barik et al. / Genomics 103 (2014) 114–121phytohormones, and have contributed to conserved spatio-temporal
expression pattern.
Additionally both mature ppt-miR166i/j and osa-miR166i/j, with
their minor variation in sequences, can still target similar HD-ZIP III
genes (Table S2). Thus, miR166i and miR166j functions (in vascular
patterning of root and leaf patterning) should be conserved between
two species. These observations suggest that there is some level of
functional conservation of miR166s within and between the species
of O. sativa (monocot) and P. patens (moss). Although promoters of
p-ppt-MIR166h/k/m were shared, ppt-miR166m (mature) or ppt-
MIR166m (precursor) did not cluster with other members of ppt-
MIR166 genes, indicating the conservation of regulatory sequences
and diversiﬁcation of the precursor or mature sequences of these
three MIR166 genes (Figs. 1, 2). Our analysis suggests an uncommon
incident that although ppt-miR166m shares common promoter with
ppt-miR166h/k, it is predicted to target non-HD-ZIPIII genes (Table.
S2), unlike other miR166s, thus showing functional diversiﬁcation
(Figs. 1, 4) [36,38]. This result is consistentwith the recent experimental
ﬁnding on ath-miR167 [43] showing the presence of a different target,
other than ARF6 and ARF8, in high osmotic stress condition. Thus, our
work shed light on both functional diversiﬁcation and conservation of
miR166 genes and set up the basis of further experimental studies on
miRNA166 function in different species.
5. Conclusions
In this study, we report a comprehensive analysis of the phyloge-
netic relationships of miRNA166 family members belonging to three
diverse land plant species. Our phylogenetic analysis revealed that
mature miR166 has the highest conservation in their nucleotide se-
quences, whereas the precursorMIR166 sequences evolved in a line-
age speciﬁc manner. We found that ppt-miR166m has diverged from
other ppt-miR166 familymembers. On the basis of enriching reports on
other miRNA family, we predict that targets other than HD-ZIPIII exist
for ppt-miR166m, which may be functional under normal or different
abiotic stress condition. Some of the precursors ofMIR166s in rice and
Physcomitrella exist as potential polycistronic clusters by the duplica-
tion event. We have also provided experimental evidence conﬁrming
the polycistronic nature of osa-MIR166h/k. The upstream promoter se-
quences are highly divergent, but shares the hormonal and abiotic
stress response elements in polycistronicMIR166 genes. The divergence
in the regulatory sequence of MIR166 plays a role in spatio-temporal
and functional diversiﬁcation. This study provides a ground for explor-
ing the evolution and functional divergence of plant miRNA.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2013.11.004.
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